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Electronic transport properties of Cs-encapsulated double-walled carbon nanotubes DWNTs
synthesized via a plasma irradiation method are investigated by fabricating them as field-effect
transistor devices. The authors’ results indicate that Cs-encapsulated DWNTs exhibit a high
performance n-type characteristic in contrast to ambipolar behavior of pristine DWNTs. Coulomb
blockade oscillations are observed on the Cs-encapsulated DWNTs at low temperatures. In addition,
it is found that the semiconducting characteristics of the as-synthesized Cs-encapsulated DWNTs
can possibly be controllable by adjusting applied negative dc bias voltages during the plasma
synthesis process. © 2006 American Institute of Physics. DOI: 10.1063/1.2339931In recent years, carbon nanotube field-effect transistors
FETs have intensively been investigated from both experi-
mental and theoretical standpoints because of their potential
applications for future nanoelectronics.1–3 They are initially
shown to operate as a hole p-type FET device. Subse-
quently, in order to enhance the performance of carbon nano-
tube FETs, extensive work has been done to create electron
doped n-type carbon nanotube FETs through chemical dop-
ing with electron dopants such as potassium.4 However,
these previous researches on carbon nanotube FETs are
mostly focused on single-walled carbon nanotube SWNT-
and multiwalled carbon nanotube MWNT-based FETs. In
contrast, electronic transport properties of double-walled car-
bon nanotubes DWNTs have rarely been explored due to
difficulties in obtaining them with high purity.5 As an inter-
mediate between MWNTs and SWNTs, DWNTs have at-
tracted much attention of numerous scientists during the past
several years because it is believed that DWNTs have better
structural, mechanical, and electronic properties when com-
pared to SWNTs. In this sense, DWNTs can represent an
ideal carbon nanotube system for fabricating molecular de-
vices and may provide us with some origin information on
electronic transport properties for both SWNTs and MWNTs
since they can also be regarded as the thinnest MWNTs.
Nevertheless, it remains an open question until now as to
what the characteristics of DWNT-based FETs may be in
point of details and how to improve their electronic proper-
ties. In this regard, much work is still crucial to systemati-
cally investigate the transport properties of DWNTs.
In this letter, we report on characteristics of carbon nano-
tube FETs fabricated using Cs-encapsulated DWNTs synthe-
sized by a plasma method. Cs-encapsulated DWNTs are
found to exhibit a n-type semiconducting behavior and Cou-
lomb oscillation phenomena are observed at low tempera-
ture. Furthermore, we have compared the electronic proper-
ties of Cs-encapsulated DWNTs with different filling levels
obtained by changing plasma conditions and found that high
dc bias voltages applied during the plasma process can lead
to forming unipolar n-type semiconducting DWNTs.
The DWNTs used in our study are produced by an arc
discharge method. The high resolution transition electronic
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synthesized DWNTs have high purity and most of them have
a uniform outer diameter of 4–5 nm. For cleaning, the
DWNTs are ultrasonically treated in HCl solution. For the
synthesis of Cs-encapsulated DWNTs, a plasma irradiation
method is used to fill Cs inside DWNTs, similar to the case
of Cs-encapsulated SWNTs in our previous work, and the
experimental setup of the system and details of preparation
process have been described elsewhere.6–9 During the plasma
irradiation process, negative dc bias voltages ap are ap-
plied to accelerate the positive Cs ions toward DWNTs;
therefore, different filling levels of samples can be obtained
by adjusting the different ap ranging from −25 to
−150 V during the same experimental time. Figure 1a
gives a HRTEM image of an individual DWNT filled with
Cs using the plasma method, where an empty pristine
DWNT is also shown in an inset. This image indicates that
the nanotube with two layers has inner and outer diameters
of 4.0 and 4.8 nm, respectively, and wormlike Cs clus-
ters can clearly be observed within the DWNT, which is
somewhat similar to morphologies of Cs-encapsulated
SWNTs.7
To fabricate DWNT-FETs, DWNTs are firstly dispersed
by sonication in N, N-dimethylformamide DMF solvent
FIG. 1. a HRTEM image of Cs-encapsulated DWNT with inner and outer
diameters of about 4.0 and 4.8 nm, respectively, and an inset showing a
pristine DWNT. b A SEM image of a FET device with Cs-encapsulated
DWNTs crossing the gap between two Au electrodes.
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of predefined Au electrodes. Such kind of nanotube device
structure has been made previously, mainly for investigating
the electronic properties of SWNTs encapsulating alkali
metals.8 The Au electrodes with thickness of 150 nm are
prepatterned and used as source and drain electrodes. A chan-
nel length between source and drain electrodes is 500 nm.
This method enables us to obtain DWNT-based FET devices
enough for transport measurements. In order to remove ex-
cess DMF solution on the FET substrates, a baking process
at 400 K is finally carried out in atmosphere for 30 min. A
high resolution scanning electron microscopy SEM image
of the resulting DWNT-FET device is shown in Fig. 1b. It
consists of several Cs-encapsulated DWNTs crossing two Au
electrodes. Electronic transport properties of DWNT-FETs
are measured using a semiconductor parameter analyzer
Agilent 4155C in a vacuum condition. The source-drain
current IDS is systematically investigated as a function of
gate bias VG and drain bias VDS measured at temperatures
from room temperature to low temperature.
For comparison, we first give the electronic properties of
pristine DWNT-FETs which exhibit obvious ambipolar trans-
port behavior, being consistent with the previous report.5
Figure 2 depicts a typical drain current versus gate voltage
IDS−VG curve for VDS=1 V measured at room temperature
in vacuum. The device conducts either electrons or holes
depending on the gate bias, and excellent ambipolar DWNT-
FET characteristics are clearly shown over a large span of
gate voltages from −40 to 40 V. The region on the left hand
for VG−27 V corresponds to p-type conduction and n-type
conductance is observed in the right-hand region for VG
−2 V, while an insulating region where the conductance
shows a decrease of three orders is found in between the p
channel and the n channel. In our case, the measured results
indicate that the saturated conductance in the p channel typi-
cally shows over two times larger than that in the n channel
for pristine DWNT-FETs. In contrast, our results
significantly demonstrate that Cs-encapsulated DWNTs
Cs@DWNTs can exhibit unipolar n-type semiconducting
behavior compared with ambipolar behavior of pristine
DWNTs. Figure 3 presents the electronic properties of a FET
device fabricated using Cs@DWNTs which is prepared with
ap=−100 V during the plasma irradiation process. Figure
3a depicts current versus voltage IDS−VG characteristics
of a DWNT-FET device measured for different VDS ranging
from 0 to 1 V in steps of 0.2 V at room temperature. The
FET device clearly exhibits an excellent n-type semiconduct-
ing character, and no ambipolar behavior is found in the
whole gate voltage range of −40–40 V. More importantly, a
5
FIG. 2. Color online IDS-VG curve for an ambipolar pristine DWNT-FET
measured for VDS=1 V at room temperature.high Ion/ Ioff ratio up to 510 is achieved at a bias voltage
Downloaded 17 Feb 2010 to 130.34.135.83. Redistribution subject to of VDS=1 V, where Ioff is of the order of 10−5 nA, and this
Ion/ Ioff ratio is much higher than that in the case of the n
channel for pristine DWNTs which is of the order of 102. It
is worthy to note that the Ion/ Ioff ratio can keep constant on
the order of 10−5 during the measurements with VDS rang-
ing from 0.2 to 1 V, and this value greatly exceeds the cor-
responding value in the case of Cs-encapsulated SWNTs
103–104 measured in the same condition,8 and is close to
a value of 106 for the best n-type SWNT-FET reported
recently.4 The possible reason for the above difference is that
much more structural or chemical defects are generated by
the Cs encapsulation in the case of SWNTs as compared with
the case of DWNTs having their structural merits.10 To fur-
ther assess the performance of n-type DWNT-FETs, we in-
vestigate the room-temperature output characteristic of IDS-
VDS curves with VDS ranging from −3 to 3 V by applying
different gate voltages, as shown in Fig. 3b. The measured
results reveal that the conductance of sample is significantly
suppressed by decreasing the gate voltages from 40 V until
the gate voltage reaches about −30 V, which absolutely con-
firms that n-type FET devices with controllable characteris-
tics can be fabricated using DWNTs by chemical modifica-
tion through the Cs encapsulation via the plasma method. In
addition, temperature dependent measurements indicate that
the conductance for n-type DWNT-FETs exhibits a decrease
and Coulomb oscillation phenomena begin to appear at about
40 K. Below 40 K it is found that the conductance of FET
devices is dominated by Coulomb oscillation peaks. Figure
3c indicates the conductance versus gate voltage character-
istic measured at 11.5 K for bias voltage VDS=10 mV, where
FIG. 3. Color online Electrical properties of a high performance n-type
Cs-DWNT-FET: a IDS-VG curves measured for VDS=0–1 V in steps of
0.2 V at room temperature. b IDS-VDS output characteristics measured for
VG=−30, −20, −10, 0, 20, and 40 V at room temperature. c IDS-VG char-
acteristic measured at low temperature of 11.5 K for VDS=10 mV.a series of sharp peaks varying widely in height are ob-
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number of Coulomb islands connected in series. The mean
gate period is measured as VG=7 V, and the capacitance
between the gate and each island Cg is estimated as Cg
=e /VG=2.310−20 F, corresponding to the existence of
Coulomb islands with size of several nanometers according
to Ref. 11. In contrast, the observed Coulomb blockade phe-
nomenon has never been found during the measurements for
pristine DWNT-FETs. The above results indicate that
Cs@DWNTs may potentially behave as a good candidate for
high performance single-electron transistors.
Moreover, to further understand a conversion mecha-
nism from ambipolar to n-type behavior for Cs@DWNTs,
we have investigated effects of the filling level on the elec-
tronic properties of DWNT-FETs, as shown in Fig. 4. It is
found that the DWNT-FET device characteristics at room
temperature change significantly when we increase the nega-
tive ap in the plasma. In Fig. 4a, we show the character-
istic of IDS-VG measured at VDS=1 V for a DWNT-FET,
where Cs@DWNTs are prepared with ap=−25 V. As a re-
sult, the device retains the original ambipolar behavior of
DWNTs. However, as compared with the characteristics of
pristine DWNT-FETs, the ratio of saturated conductance in
the n channel to that in the p channel shows a relative in-
crease. In addition, a shift of the threshold voltage to a more
negative value for the n channel is clearly found, i.e., from
FIG. 4. Color online Room-temperature electrical properties of
Cs@DWNTs prepared at different Cs filling levels controlled by adjusting
negative dc bias voltages ap during plasma irradiation process. a ap
=−25 V, b ap=−50 V, and c ap=−150 V.Downloaded 17 Feb 2010 to 130.34.135.83. Redistribution subject to −2 to−25 V, which is similar to what is observed in doping
SWNTs with potassium at low doping level.12 For the sample
prepared with ap=−50 V, corresponding to an increase in
the filling level, as expected, the filling effect of Cs tends to
convert the original ambipolar to a n-type behavior, as shown
in Fig. 4b. This IDS-VG curve measured at VDS=1 V indi-
cates that only little p-channel conductance is found as com-
pared with that observed in the pristine DWNT and
Cs@DWNTs synthesized with ap=−25 V. As a result, the
above measurements confirm directly that the Cs encapsula-
tion is responsible for the observed n-type behavior of
DWNT-FETs. Importantly, as ap is more negatively in-
creased over −100 V in the plasma, ambipolar DWNTs are
completely converted into n-type DWNTs due to the Cs en-
capsulation. Figure 4c displays the IDS-VG for VDS=1 V
characteristic of a unipolar n-type DWNT-FET device fabri-
cated with Cs@DWNTs prepared with ap=−150 V, and no
ambipolar behavior is seen in the whole range of gate bias
from −40 to 40 V. However, threshold voltages for the
above different three DWNT-FETs in the n channel do not
show any significant shift. The measured results demonstrate
that the semiconducting properties of Cs@DWNTs depend
on the filling level and conversion from ambipolar to unipo-
lar n-type semiconducting DWNTs can possibly be realized
through the plasma irradiation method.
In conclusion, we have investigated the transport prop-
erties of Cs-encapsulated DWNTs prepared via the plasma
irradiation method. Comparing with ambipolar behavior of
the pristine DWNTs, the n-type characteristic of DWNT is
significantly obtained due to Cs encapsulation and the Cou-
lomb oscillation phenomenon is observed at low tempera-
tures. Moreover, concerning the semiconducting properties
of samples prepared based on different plasma conditions it
is found that the high negative dc voltages can lead to the
formation of unipolar n-type DWNTs.
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